The angular distribution of the avalanche around the anode wire in the gas proportional counter is determined by measuring the distribution of positive ions arriving on cathode strips surrounding the anode wire for each single event. The shape and width of the distribution depend on such factors as the gas gain, the anode diameter, the counting gas and the primary ionization density. Effects of these factors are studied systematically, and their importance for practical counter applications is discussed.
Introduction
It has been shownI recently that the avalanche in a proportional counter is well localized on one side of the anode wire and that this localized avalanche induces asymmetric charges on electrodes surrounding the anode wire. 2,3 Many applications of this effect have been pointed out and tested with multiwire proportional chambers (MWPC) and multiwire drift chambers (MWDC) in order to improve the position readout of such detectors. The half-gap discrimination in MWPC for x-ray imaging reduced the parallax problem,4 the right/left ambiguity in MWDC was solved by measuring induced signals on potential wires or cathodes2'5 and, more generally, the azimuthal angle of the electron drift around the anode wire was determined by induced signals on a set of electrodes surrounding the anode wire6'7, which made it possible to interpolate the position of low energy xrays between two anode wires. 3'8'9 Since the asymmetry of induced charges depends on the azimuthal spread of the avalanche, detailed information about the phenomena is highly desirable for the effective use of it.
Particle rate effects in recent and future applications of MWPC's and drift chambers, particularly with long drift spaces, become a problem due to the accumulation of positive ions in the chamber. This distorts the electric field and affects the electron drift properties and the gas multiplication properties. Reduction of these effects is possible in some cases and for this the avalanche spreading mechanism will be helpful.
In this paper, we present the measurements of the angular spread of the avalanche. The experimental results are then explained by taking into account the electron diffusion in the drift and avalanche process, the space charge effect and the uv-photon effect.
Apparatus and Measurements
The measurements were carried out with a cylindrical counter with a segmented cathode and grid wires shown in Fig. 1 placed between the cathode strips 1.6 mm apart from the cathode surface. Collimated 55Fe x-rays (5.9 keV) and 241Am Cl-rays (5.5 MeV) are injected parallel to the anode wire at a radial distance of 10 mm from the anode wire.
Electrons from the primary ionization drift toward the anode wire and are multiplied in the strong field near the anode wire. Positive ions produced in the avalanche process drift from the anode wire toward the cathode strips through the grid wires. Since the diffusion coefficient of positive ions is much smaller than that of electrons, the angular distribution of positive ions is considered to be a magnified image of the angular distribution of the avalanche around the anode wire.
For the efficient detection of positive ions, the grid wires play the following roles: (1) to accelerate positive ions in the relatively strong field between the grid wires and cathode strips, which results in the fast rising induced signal on the cathode strips; (2) Fig. 2, (a) shows the signal on the cathode strip where the primary ionization has started and (b) the signal on the opposite cathode strip. Immediate signals which appear on both cathode strips correspond to the positive ion motion in the vicinity of the anode wire and the later signal is due to the positive ion motion between the grid and the cathode.
The amplitude of each positive ion signal was measured and displayed on a storage oscilloscope using a sequential readout circuit shown in Fig. 3 . The desired information is the amplitude of the second signal in Fig. 2(a) Fig. 2(a) , and the signal is sampled at or near its maximum. By restricting the measurement time only to the rise time of this signal, the sensitivity to low frequency noise and microphonism is reduced. this case the avalanche spread does not fluctuate event-by-event even at very high gas gain. In the proportional region (Q < 2 x 106e), the shape of the distribution is well approximated by a gaussian distribution and the FWHM is less than 100 . Raising the voltage, the avalanche starts to surround the anode wire.
The shape in the semi-proportional region depends strongly on the gas gain, the gas mixture, and the primary ionization density. For gas mixtures of Ar and molecular quenchers (CH4, C02), an avalanche surrounds the anode almost uniformly at very high gas gain. However, in CH4 and C3Hg, the shape of the distribution looks like a parabola and does not surround the anode. For the electronegative gas mixture, Ar (69.3%) + Isobutane (30%) + Freon 13B1 (0.7%), the shape of the distribution is completely different depending on the type of the saturated signal. In the first amplitude saturating region, (signal type II in Ref. 1) the shape looks like a triangle and the avalanche is confined on one side of the anode wire. However, in the second amplitude saturating region, (signal type III) the distribution is unstable and almost uniform with small fluctuations.
Measurements have been performed with two different sources: a-rays from a 2 lAm source and x-rays from a 55Fe source. The a particles stop within the sensitive volume of the counter leaving a 2.1 cm long ionization track parallel to the anode wire for P-l0. The total ionization in the sensitive volume corresponds to an energy loss of AE = 3 MeV. The x-ray from the 55Fe source leaves only one ionization cluster corresponding to an energy loss of 5.9 keV.
The two sources allow the observation of the avalanche under different conditions. In order to obtain the same total avalanche size Q for the 55Fe, as for the 24lAm, a much higher gas gain is needed, while the resulting avalanche occupies only a small part At, of the anode wire, resulting in a much higher space charge per wire length. At, is mainly determined by the diffusion of the ionization drifting from the location of conversion to the anode. For typical conditions using Ar (90%) + CH4 (10%), one obtains At, 0.9 mm FWHM. For the same Q, the space charge per anode length will be about a factor of 15 higher for the 55Fe signal than for the 24lAm signal. For the same gas amplification factor, however, the 24lAm gives a higher space charge than the 55Fe due to the higher number of ion pairs in the primary ionization per wire length. One obtains Qprim/At a 4.8 * 104 mmn1 for 241Am compared to Qprim/At a 2.2 102 mm-1 for 55Fe using At = 0.9 mm, which is the size of the ionization cluster when it arrives at the gas amplification zone.
The avalanche spread has been measured as a function of avalanche size for different concentrations of quencher (CH4) in Ar (Fig. 5 ) and for magic gas (Fig. 6 ). Since an influence of the anode wire diameter is expected, the avalanche spread has been measured for two standard gases, Ar (90%) + CH4 (10%) and 100% CH4, and for wire diameters ranging from 12.7 4m to 127 jm (Fig. 7 A first classification of the effects can be obtained analyzing the spread as a function of the anode voltage for the two sources 55Fe and 241Am (Fig. 8) .
The contribution from diffusion of the electrons drifting to the anode is expected to depend only on the relative voltage change which is small in the region where sufficient gas amplification can be obtained.
All other effects depend on the avalanche size or gas amplification factor. Therefore, the almost constant value for the spread in the low voltage region is interpreted to be mostly diffusion. The avalanche-related effects will be classified as either depending on the total charge of the avalanche (space charge effect) or on the gas amplification factor, which can be understood to be related to the mean electron temperature in the avalanche and, therefore, to various excitation and ionization phenomena (e.g., emission and absorption of uv-quanta).
The effects of space charge and uv-propagation will be different for the two sources. 55Fe shows effects of uv-propagation and other effects from excited atoms and molecules because of the relative high gas gain necessary. 41Am shows strong space charge effects, even at a low gas gain, due to its high ionization density.
Diffusion
The diffusion considered here is the transversal diffusion of electrons drifting from their location of production (primary ionization) to the avalanche region, and also the diffusion of electrons produced in the avalanche on their way towards the anode. The whole process can be described in one step when the energy dependence of the elastic and the various inelastic cross sections are taken into account determining the mean electron energy e and consequently D/4. The diffusion of the positive ions can be neglected since even at the high field in the avalanche region D/4 is small and close to the low field value given by the ambient temperature.
The transversal diffusion in a cylindrical field for a charge drifting in radial direction approaching the anode is expected to be different from the diffusion in a homogeneous field due to an increasing restoring force.
ek(E), Fig. 10 
where rc is determined to be the radius where under the given conditions 6k = 2 eV. The dependence ek(E) up to 2 eV can be very well approximated by
For the calculation we use a simplified picture. The observer sits in the center of the electron cloud and notices, while the whole system drifts to the anode, a time dependent heating of the electrons and an increasing restoring force perpendicular to the direction of motion. In this picture the field P at a distance X from the center of the electron cloud is split into two components, Er and E , responsible for the drift of the whole cloud and f,or the restoring force, respectively, (Fig. 9) . Under the assumption that the restoring field does not influence the mean electron energy e, which is only determined by Er(r), the current j can be separated into independent components jr' iX and jz. 
A similar dependence, but with different exponent m, is assumed for ek > 2 eV. Clearly, the real curve ek(E) may continue above 2 eV with the same exponent, as for the smaller E, until the increase of inelastic cross sections reduces the slope gradually. Therefore, the exponent obtained for ek > 2 eV represents a mean value.
The measurement of the spread for 241Am at low gas gain, which is considered to be only due to diffusion, (after correcting for 'PO -20 FWHM of inherent width of the measurement) is used to determine m as defined in Eq. (6) . Figure 10 shows the expected result, that the slope for sk > 2 eV m e 0.5 is smaller than for sk < 2 eV (m 1) due to the onset of the inelastic cross sections. In the highest field region (r t 100 P) mean electron energies of the order of e e 1.5 sk a 10 eV are reached in agreement with the fact that in this region ionization takes place (threshold for ionization in Ar, 8Ar = 15.7 eV and in CH4, SCH = 13.0 eV).
The comparison of the measured values for various anode diameters, with the prediction of Eq. (5) using Ek(E) as determined above for CH4 and for Ar (90%) + CE4 (40%), shows satisfactory agreement (Fig. 11) The spread of the avalanche from the 241Am increases considerably above the value for diffusion at a gas gain, where the spread for the 55Fe is still close to the diffusion value (Fig. 8) . Therefore, this effect is contributed to space charge effects.
The space charge effect becomes also apparent in Fig. 12 where the spread is shown as a function of the avalanche size Q (total charge). Here the values for the 241Am data increases at much higher Q in agreement with the fact that the ionization of the a-particle along the wire results for a given Q in a smaller space charge per wire length.
The spread due to uv-emission and absorption or due to other effects relying on highly excited atoms and molecules therefore will be observed only at highest voltage in the 55Fe measuremerits. Figure 13 
Extrapolating the dependence for the 5Fe values to an infinite CH4 concentration, one finds a value for the spread well above the value for 241Am showing evidence that another effect, dependent on the gas amplification factor, contributes to the spread. It may be possible that impurities in the counting gas having a lower ionization potential than CH4 contribute a uveffect independent of the CH4 concentration. Since our measurement includes the spread of the avalanche over a time period of the order of 100 4s, long-living, excited states also may produce a delayed uv-effect or may even diffuse around the wire and ionize by encounters of the second kind.
Magic Gas Mixture Figure 6 shows the angular spread in the electronegative gas mixture, Ar 10 pm for the photons could explain this behavior, but it is also possible that a critical field strength has to be reached before an electron from a uv-ionization in the neighborhood of the avalanche can initiate a new avalanche strong enough to produce enough uv-quanta for further ionization. The latter possibility, in principle, represents a discharge similar to the Geiger mode which also has a well defined threshold.
the anode wire diameter. To achieve a small spread will be useful in applications where the center of gravity of angular distribution is to be measured with high accuracy. A wide spread may be preferred in a drift chamber in order to collect the positive ions from the avalanche on special grid wires to reduce the space charge in the drift region. This is an important aspect for high rate applications. 
